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Abstract 
 
 In mid-latitudes, it has long been considered that the atmosphere forces sea 
surface temperature (SST) variations, while oceanic effects on the atmosphere are 
negligible. However, with the recent advance of satellite observations and numerical 
models, substantial impacts of SST fronts on the overlying atmosphere in the western 
boundary currents and their extension regions have been revealed. Nevertheless, a 
fundamental question of how these SST fronts are reinforced and relaxed remains to be 
answered. Therefore, this thesis is devoted to quantitative understanding of 
frontogenesis and frontolysis processes of the SST front in the Agulhas Return Current 
(ARC) region in the southwestern Indian Ocean, where monsoonal wind influences are 
relatively weak and air-sea interaction associated with the SST front can be detected 
more easily. 
 From observational data analysis, it is found that the SST front in the ARC 
region is located around 45°–40°S in 10°–70°E and its latitudinal position is relatively 
stable in 40°–70°E. Its intensity is 4–5°C 100km−1, and undergoes a seasonal variation 
with slightly weaker (stronger) intensity in austral summer (winter). Through mixed 
layer temperature (MLT) balance analysis, it is shown that the SST front is maintained 
throughout the year owing to the balance between frontolysis by surface net heat flux 
 ii 
(NHF) and frontogenesis by oceanic processes. 
 Detailed analysis of the NHF reveals that larger (smaller) latent heat release 
on the northern (southern) side is due to larger (smaller) air-sea specific humidity 
difference. More specifically, the SST front causes a large meridional difference in 
surface saturated humidity across the front, while the air specific humidity gradient is 
reduced by meridional humidity advection associated with the passage of atmospheric 
disturbances. 
Interestingly, the frontolysis by the NHF is amplified (damped) through 
mixed layer processes in austral summer (winter). In austral summer, strong heating of 
the sea surface by shortwave radiation is partially offset by larger (smaller) latent heat 
release north (south) of the front. As a result, surface warming is weaker (stronger) on 
the northern (southern) side, and thus the NHF relaxes the SST front. At the same time, 
the weaker (stronger) surface warming leads to deeper (shallower) mixed layer in the 
northern (southern) region. This meridional gradient in mixed layer depth (MLD) 
enhances the frontolysis, because the thicker (thinner) mixed layer north (south) of the 
front is less (more) sensitive to surface warming. Furthermore, the frontolysis by the 
NHF is amplified by the seasonally thin MLD that is very sensitive to surface forcing. 
On the other hand, stronger (weaker) surface cooling on the northern (southern) side of 
the front in austral winter, which is mainly due to the larger (smaller) latent heat release, 
contributes to frontolysis. However, deeper (shallower) mixed layer induced by the 
stronger (weaker) surface cooling on the northern (southern) side is less (more) 
sensitive to surface cooling and suppresses the frontolysis. Since the seasonally thick 
MLD in winter is relatively inert against surface forcing, the frontolysis is weakened 
further. 
 iii 
 Due to the insufficient number of velocity observations in the ocean interior, 
the frontogenesis by oceanic processes is only estimated as residual in the observational 
data analysis. For this reason, detailed mechanisms of the oceanic processes are then 
quantitatively investigated using outputs from a high-resolution coupled general 
circulation model (CGCM), the Community Earth System Model (CESM). It is 
confirmed that this model realistically simulates main features of the SST front, 
including intensity, location, seasonality, MLD, and frontogenesis/frontolysis. 
Among the oceanic processes, the contribution from horizontal advection is 
dominant for the frontogenesis, while entrainment does not contribute much to 
frontogenesis/frontolysis. Although a southward (northward) cross-isotherm flow north 
(south) of the front is weaker than a strong eastward along-isotherm current in the 
frontal region, this cross-isotherm confluent flow advects warmer (cooler) temperature 
toward the SST front on the northern (southern) side and plays the dominant role in the 
frontogenesis. In addition, the stronger (weaker) frontogenesis in austral summer 
(winter) is attributed to the stronger (weaker) cross-isotherm confluent flow, which may 
be linked to seasonal variations of the Agulhas Current, ARC, and Antarctic 
Circumpolar Current. On the other hand, the contribution from the entrainment is 
relatively small, because frontolysis by the larger (smaller) entrainment velocity on the 
northern (southern) side opposes frontogenesis by less (more) effective cooling 
associated with the thicker (thinner) mixed layer and smaller (larger) temperature 
difference between the mixed layer and entrained water in the northern (southern) 
region. 
To gain further insight into the mean cross-isotherm confluent flow around 
the SST front, vorticity balance is examined. It is shown that anticyclonic (cyclonic) 
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vorticity advection north (south) of the front by the cross-isotherm confluence is in 
balance with the sum of cyclonic (anticyclonic) eddy cross-isotherm and mean 
along-isotherm vorticity advections. 
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Chapter 1 
 
General introduction 
  
 2 
1.1 Air-sea interaction in mid-latitudes 
Air-sea interaction in mid-latitudes has attracted much attention because of its 
large impact on the climate system. It has been recognized that mid-latitude atmospheric 
variability causes sea surface temperature (SST) anomalies (e.g. Frankignoul 1985; 
Kushnir et al. 2002) through changes in turbulent heat fluxes (Cayan 1992), Ekman 
transport (Yasuda and Hanawa 1997), and entrainment at the base of the mixed layer 
(Miller et al. 1994). However, with the development of satellite observations and 
high-resolution general circulation models (GCMs), the importance of the oceanic 
influence on the atmosphere was highlighted in western boundary currents and their 
extension regions, where SST fronts and associated large amounts of heat release are 
found (e.g. Nonaka and Xie 2003; Xie 2004; Minobe et al. 2008). 
Three mechanisms have been proposed for the oceanic impacts. First, the 
“vertical mixing mechanism” (Wallace et al. 1989; Xie et al. 1998; Chelton et al. 2004; 
Takatama et al. 2012, 2015) explains that over warmer (cooler) SSTs where the static 
stability is lower (higher), surface winds are accelerated (decelerated) due to intensified 
(weakened) turbulent mixing in the atmospheric boundary layer. Second, high SSTs on 
the equatorward side of an SST front result in sea level pressure (SLP) minima and 
rising air throughout the troposphere. This is known as the “pressure adjustment 
mechanism” (Lindzen and Nigam 1987; Feliks et al. 2004; Minobe et al. 2008, 2010; 
Shimada and Minobe 2011; Takatama et al. 2012, 2015). Finally, the “oceanic 
baroclinic adjustment” (Nakamura et al. 2008; Nonaka et al. 2009; Sampe et al. 2010, 
2013; Ogawa et al. 2012) demonstrates that an SST front restores the meridional 
gradient of surface air temperature relaxed by atmospheric disturbances to its original 
condition through air-sea sensible heat flux exchange and thus fixes the storm track 
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position through the maintenance of atmospheric baroclinicity. Hence, an SST front 
plays an essential role in the air-sea interaction over western boundary currents and their 
extension regions. 
For the above reasons, western boundary currents and their extension regions 
are now recognized as the key regions for air-sea interaction in mid-latitudes where the 
atmosphere affects the ocean and SST fronts have substantial impacts on the 
atmosphere. Therefore, understanding how SST fronts are reinforced and relaxed is 
essential for comprehensive understanding of air-sea interaction in mid-latitude regions. 
In this study, frontogenesis (frontolysis) is defined as reinforcement (relaxation) 
processes of the horizontal gradient of temperature over frontal regions. 
 
1.2 Frontogenesis and frontolysis in idealized models 
Past studies on frontogenesis are mostly based on idealized models. First, 
studies of atmospheric frontogenesis using idealized models that incorporate a 
horizontally barotropic confluent flow (Hoskins 1971; Hoskins and Bretherton 1972) 
are extended to the oceanic frontogenesis (MacVean and Woods 1980; Thompson 2000). 
These models with the confluent flow was able to simulate an instantaneous front, but 
discontinuity tended to be formed in a finite time due to the absence of frontolysis 
processes to balance with the frontogenesis. 
Also, idealized models in which a flow with potential to cause baroclinic 
instability is incorporated are used (Samelson 1993; Wang 1993; Samelson and 
Chapman 1995; Spall 1995). These studies were motivated by intensive aircraft, ship, 
and mooring observations in the Gulf Stream region in 1984–86, called Frontal Air-Sea 
Interaction Experiment (FASINEX; Weller 1991; Pollard and Regier 1992), which 
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succeeded in obtaining detailed structure of the oceanic front. They demonstrated that 
frontogenesis occurs with evolutions of eddies and baroclinic waves through energy 
conversion from potential energy to eddy kinetic energy. 
Furthermore, a flow with potential to cause barotropic instability is applied to 
the western boundary in idealized models (Waterman and Jayne 2011; Waterman and 
Hoskins 2013). They reproduces a time-mean jet and a pair of counterrotating 
recirculation gyres at the flank of the jet and suggested that eddies have roles in driving 
the mean jet and recirculation through influences on the speed and direction of the mean 
velocity (Hoskins 1983; Cronin 1996). Moreover, their sensitivity experiments 
demonstrated that the mean jet and recirculation are stronger (weaker) when the jet 
applied at the western boundary is stronger (weaker). 
Therefore, frontogenesis in the ocean has been mostly investigated by 
incorporating frontogenetic flows into idealized models. This leaves us a question: how 
actually frontogenesis and frontolysis balance and SST fronts are maintained in the real 
world? This has not been investigated quantitatively, partly because of lack of 
high-resolution observational datasets and outputs from oceanic GCMs (OGCMs) that 
sufficiently resolve SST fronts. Recent progress of global observations in the ocean 
interior using temperature/salinity profiling floats known as Argo floats and numerical 
simulations with high-resolution OGCMs allows us to examine frontal scale ocean 
variability and associated air-sea interaction. 
 
1.3 The SST front in the Agulhas Return Current region 
As shown in Fig. 1.1, SST fronts are found in western boundary currents and 
their extension regions such as the Kuroshio and Kuroshio Extension, the Gulf Stream 
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(e.g. Kelly et al. 2010; Kwon et al. 2010), the Agulhas Return Current (ARC; e.g. 
Lutjeharms and Ansorge 2001; Lutjeharms 2006), and the Brazil–Malvinas Confluence 
(e.g. Saraceno et al. 2004; Tokinaga et al. 2005). In this study, the focus is on the SST 
front associated with the ARC in the southwestern Indian Ocean. This is because the 
SST front is away from the African continent and not strongly influenced by monsoonal 
winds. As a result, it is ideal for studying air-sea interaction associated with an SST 
front and this is one of the main reasons why the meridional SST profile of the 
southwestern Indian Ocean has been frequently used for idealized aqua-planet 
experiments targeting on this topic (Nakamura et al. 2008; Sampe et al. 2010, 2013; 
Ogawa et al. 2012). The results obtained in this thesis are thus expected to advance our 
understanding of mid-latitude ocean-atmosphere interaction. 
The Agulhas Current flows poleward along the east coast of South Africa (Fig. 
1.2). After retroflection of the Agulhas Current south of the African Continent around 
[20°E, 40°S], the ARC flows eastward to around [70°–80°E, 45°S] (Lutjeharms and 
Ansorge 2001; Boebel et al. 2003; Lutjeharms 2006; Beal et al. 2011). The Antarctic 
Circumpolar Current (ACC) flows eastward south of the ARC around [20°–30°E, 50°S], 
and then merges with the ARC around [40°E, 45°–40°S]. As a result, strong eastward 
currents distributed in 40°–70°E are associated with a strong SST front throughout the 
year (Fig. 1.3; Nakamura and Shimpo 2004). Hereafter, this front is called the ARC 
Front in this study. 
The SST front has been shown to influence the atmospheric field using 
observations (O’Neill et al. 2005, 2010; Shimada and Minobe 2011) and a 
high-resolution coupled GCM (CGCM; Nonaka et al. 2009). In addition, the SST front 
is suggested to influence the storm track activity, whose variation affects the subtropical 
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high in the South Indian Ocean called the Mascarene High (Fig. 1.4; Miyasaka and 
Nakamura 2010; Morioka et al. 2015; Ohishi et al. 2015). In austral summer, variations 
in this high induce the northeast-southwest oriented dipole SST anomalies in the South 
Indian Ocean and rainfall anomalies over southern Africa (Fig. 1.5). This climate mode 
is known as the Indian Ocean Subtropical Dipole (IOSD; Behera and Yamagata 2001; 
Fauchereau et al. 2003; Suzuki et al. 2004; Hermes and Reason 2005; Chiodi and 
Harrison 2007; Morioka et al. 2010, 2012, 2013). The SST anomaly in the southwestern 
pole may influence the SST front in the ARC region as well as the Mascarene High due 
to changes in the storm track activity as mentioned above. Therefore, air-sea interaction 
over the ARC Front may play an active role in the ocean-atmosphere system of the 
South Indian Ocean through its influences on the storm track activity. 
 
1.4 Purpose of this study 
As described above, air-sea interaction in mid-latitudes has attracted interest 
and the influences of the SST fronts on the atmosphere are being clarified. However, the 
detailed mechanisms of frontogenesis/frontolysis of the SST fronts in the western 
boundary currents and their extension regions, an important factor in the air-sea 
interaction, have not been fully understood. Heat budget analysis within a mixed layer 
in frontal regions enables us to quantitatively investigate them. Here, the mixed layer is 
a surface layer with vertically uniform density, and mixed layer temperature (MLT) is 
determined by horizontal advection, surface net heat flux (NHF), entrainment, and 
horizontal/vertical diffusion. In this analysis, mixed layer depth (MLD) is also an 
important factor for the MLT, because MLD determines the sensitivity of the mixed 
layer to the NHF and entrainment. The recent progress of more dense observations in 
 7 
the ocean interior by the Argo floats and high-resolution OGCMs allows us to perform 
the heat budget analysis within the mixed layer in frontal regions. Therefore, in this 
thesis, frontogenesis/frontolysis in the ARC region is investigated using high-resolution 
observational datasets and outputs from a CGCM, for gaining better understanding of 
air-sea interaction in mid-latitudes. 
This thesis is organized as follows. In the next chapter, main characteristics of 
the ARC Front and its frontogenesis/frontolysis are discussed using observational 
datasets. In particular, dominant frontolysis processes that the NHF strongly (weakly) 
relaxes the front through mixed layer processes in austral summer (winter) are described 
quantitatively. In Chapter 3, using outputs from a high-resolution CGCM, the 
Community Earth System Model (CESM; Hurrell et al. 2013; Small et al. 2014), which 
realistically reproduces the SST front and MLD in the ARC region, we investigate 
detailed mechanisms of frontogenesis/frontolysis by oceanic processes, which are 
estimated as residual in Chapter 2. It is shown that stronger (weaker) confluence is the 
key to the stronger (weaker) frontogenesis in austral summer (winter). The final chapter 
summarizes the main results and discusses the implication of this study. 
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Figures 
 
Fig. 1.1 Monthly climatology of horizontal sea surface temperature (SST) gradient for 
February (August) in the Northern (Southern) Hemisphere. Monthly-mean SST for 
2003–2008 is obtained from Advanced Very High Resolution Radiometer (AVHRR) 
and Advanced Microwave Scanning Radiometer on the Earth Observing System 
(AMSR-E) Optimum Interpolation SST (AVHRR+AMSR OISST; Reynolds et al. 
2007) 
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 1 
Fig. 1.2 Mean sea surface height (SSH) in 2003–2008 obtained from Archiving 2 
Validation, and Interpretation of Satellite Oceanographic data (AVISO; Ducet et al. 3 
2000). Thin (Thick) contour intervals are 0.1 (0.5) m 4 
 5 
 10 
 6 
Fig. 1.3 Monthly climatology of the SST gradient (color) and SST (contour) in a 7 
February and b August from the AVHRR+AMSR OISST for the 2003–2008 period. 8 
Thin (Thick) contour intervals are 1 (5) °C 9 
 10 
 11 
 11 
Fig. 1.4 Climatology of sea level pressure (SLP) in November–January obtained from 12 
the National Centers for Environmental Prediction-National Center for Atmospheric 13 
Research (NCEP-NCAR) reanalysis 1 (Kalnay et al. 1996) for the period of 1951–2012. 14 
Thin (Thick) contour intervals are 2 (10) hPa. Reprinted from Ohishi et al. (2015). With 15 
permission of Springer 16 
 17 
 12 
 
Fig. 1.5 Regression coefficients between the Indian Ocean Subtropical Dipole (IOSD) 
index and SST anomalies. Anomalies significant at the 99% confidence level by the 
two-tailed t-test are shaded. Contour intervals are 0.1°C and positive (negative) values 
are represented by solid (dashed) contour lines. The IOSD index is the standardized 
time coefficient of the second empirical orthogonal function (EOF) mode for austral 
summer (December–February) SST anomalies in the South Indian Ocean [20°–120°E, 
55°S–0°] (Ohishi et al. 2015). Note that the first EOF mode represents warming 
tendency in the South Indian Ocean. Extended Reconstructed SST (ERSST; Smith et al. 
2008) version 3b for 1951–2012 is used. Reprinted from Ohishi et al. (2015). With 
permission of Springer 
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Chapter 2 
 
Frontolysis by surface heat flux  
in the Agulhas Return Current region  
with a focus on mixed layer processes 
 
 
 
 
This chapter has been published as: 
Ohishi S, Tozuka T, Komori N (2016) Frontolysis by surface heat flux in the Agulhas 
Return Current region with a focus on mixed layer processes: Observation and a 
high-resolution CGCM. Clim Dyn 47: 3993–4007. doi:10.1007/s00382-016-3056-0  
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2.1 Introduction 
As described in the previous chapter, recent progress of the global 
observations in the ocean interior enables us to perform a heat budget analysis within a 
mixed layer in frontal regions. Tozuka and Cronin (2014) examined the 
frontogenesis/frontolysis in the Agulhas Return Current (ARC) region using 
observational datasets. As seen in Figs. 2.1a, b, smaller (larger) surface warming in 
austral summer and larger (smaller) surface cooling in austral winter are found north 
(south) of the ARC Front. Thus, the surface net heat flux (NHF) tends to relax the front 
if the mixed layer depth (MLD) were constant across the sea surface temperature (SST) 
front. However, they noticed that the MLD is deeper (shallower) to the north (south) of 
the front in the ARC region (Figs. 2.1c, d). In addition, they revealed that the frontolysis 
by the NHF is amplified (damped) in austral summer (winter) owing to deeper mixed 
layer on the northern side of the SST front, but the causes of the meridional MLD 
gradient were not examined in detail. Thus, we investigate the causes of the MLD 
gradient and seasonal dependence of the frontolysis by the NHF using observational 
datasets in this chapter. 
This chapter is organized as follows. A brief description of observational data 
and methodology used in this chapter is given in Section 2.2. Section 2.3 describes the 
main features of the SST front associated with the ARC, and discusses the 
frontogenesis/frontolysis and causes of the MLD and NHF gradient including their 
seasonal dependence using observational data. Conclusions are given in the final 
section. 
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2.2 Observational data and methodology 
2.2.1 Observational data 
We use monthly-mean sea surface temperature (SST) from Advanced Very 
High Resolution Radiometer (AVHRR) and Advanced Microwave Scanning 
Radiometer on the Earth Observing System (AMSR-E) Optimum Interpolation SST 
(AVHRR+AMSR OISST; Reynolds et al. 2007) on 0.25° longitude × 0.25° latitude grid. 
Monthly surface heat fluxes, specific humidity at 2 m, and wind speed at 10 m are 
adopted from the Objectively Analyzed air-sea Fluxes (OA Flux; Yu and Weller 2007). 
We estimate surface saturated specific humidity using monthly SST from the OA Flux 
and sea level pressure (SLP) from the ERA-interim global atmospheric reanalysis (Dee 
et al. 2011) produced by the European Centre for Medium-Range Weather Forecasts 
(ECMWF) by applying the Coupled Ocean-Atmosphere Response Experiment 
(COARE) version 3.0 flux algorithm (Fairall et al. 2003). The daily wind and air 
specific humidity, saturated specific humidity at the surface, and heat fluxes from 
Japanese Ocean Flux Data sets with Use of Remote Sensing Observations version 2 
(J-OFURO2; Kubota et al. 2002) and the Japanese 55-year Reanalysis (JRA-55; 
Kobayashi et al. 2015) are also used, and we have confirmed that the obtained results 
are almost the same with those of the OA Flux. The OA Flux, ERA-interim, and 
J-OFURO2 have a horizontal resolution of 1° × 1°, and JRA-55 has 1.125° longitude × 
1.125° latitude grid. The analysis period is from January 2003 to December 2008, 
because spurious jumps in the intensity of the SST front in the ARC region are detected 
in the AVHRR-only OISST (figure not shown). It may be due to changes in the 
observation satellites (Reynolds et al. 2007; Masunaga et al. 2015) and/or clouds and 
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aerosols around the mid-latitude jet that hamper SST measurements (Chelton and Wentz 
2005). We use the monthly temperature climatology from Monthly 
Isopycnal/Mixed-layer Ocean Climatology (MIMOC; Schmidtko et al. 2013), which is 
mainly based on the Argo float profiles during 2007–2011 and has 0.5° longitude × 0.5° 
latitude grid with 81 vertical levels and resolves main features of SST fronts. The 
bottom topography from the 5-min Earth Topography (ETOPO5) dataset is adopted. 
 
2.2.2 Methodology 
To quantitatively investigate the causes of the MLD gradient, we use two 
diagnostic equations. One is the energetic equation for estimating the entrainment 
velocity 𝑤!: 
 12𝛼𝑔𝐻∆𝑇𝑤! = 𝑚!𝑢∗! + 𝛼𝑔𝜌!𝑐! 𝑞!" 𝑧 𝑑𝑧!!! − 𝛼𝑔𝐻2𝜌!𝑐! 𝑄!"# + 𝑞!" −𝐻  −𝑚! 𝛼𝑔𝐻4𝜌!𝑐! 𝑄!"# − 𝑄!"#  (2.1) 
 
(Niiler and Kraus 1977; Qiu and Kelly 1993). Here, 𝛼 (= 2.5 × 10!! ℃!!) is the 
thermal expansion coefficient, 𝑔  is the acceleration due to gravity, 𝑐! (= 3990 𝐽 𝑘𝑔!! ℃!!) is the specific heat of the sea water, 𝐻 is the MLD defined 
as a depth at which the temperature is 0.5 °C lower than the SST, and ∆𝑇 (≡ 𝑇!"# −𝑇!!!!"!) is the temperature difference between the mixed layer and entrained water. 
We use the water temperature at 20 m below the mixed layer base as the temperature of 
the entrained water following Yasuda et al. (2000) and Morioka et al. (2012). Note that 
the temperature used for estimating the MLD and the temperature difference is 
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interpolated at 5 m interval using the method of Akima (1970). Also, 𝑚!  is a 
coefficient for the efficiency of wind stirring and we use 𝑚! = 0.5 (Davis et al. 1981). 
Frictional velocity 𝑢∗ is defined by 𝑢∗ = 𝜌!𝐶!𝑢!"! /𝜌!, where 𝜌! (= 1.3 𝑘𝑔 𝑚!!) 
is air density, 𝜌! (= 1026 𝑘𝑔 𝑚!!) is the density of the sea water, 𝐶! (= 1.5 × 10!!) 
is a drag coefficient, and 𝑢!" is wind speed at 10 m. Downward shortwave radiation at 
depth 𝑧, 𝑞!" 𝑧 , is parameterized by 
 
𝑞!" 𝑧 = 𝑄!" 𝑅𝑒𝑥𝑝 𝑧𝛾! + (1− 𝑅)𝑒𝑥𝑝 𝑧𝛾!  (2.2) 
 
(Paulson and Simpson 1977), where 𝑄!" is shortwave radiation at the sea surface, 𝑅 (= 0.58)  is a separation constant, and 𝛾! (= 0.35 𝑚)  and 𝛾! (= 23.0 𝑚)  are 
attenuation length scales. These values are set to the case of Type I (clear water) from 
Jerlov (1976). Also, 𝑄!"# is the NHF (positive values indicating heat flux into the 
ocean), 𝑚!  is a convective efficiency coefficient, and we adopt 𝑚! = 0.83 
(Deardorff et al. 1969). The entrainment velocity is assumed to vanish when it becomes 
negative. Each term on the right-hand side (RHS) of Eq. (2.1) represents the 
contribution from the wind stirring, incidence of shortwave radiation, and NHF, 
respectively. Although horizontal induction and vertical velocity are difficult to estimate 
from the observational data, as will be shown in Chapter 3 using outputs from a coupled 
general circulation model (CGCM), the entrainment velocity corresponds well with the 
MLD tendency in the ARC region. 
When the entrainment velocity is zero, i.e., in a shoaling phase, the diagnostic 
equation for estimating the MLD is 
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𝐻! = 𝑚!𝑢∗! + 𝛼𝑔𝜌!𝑐! 𝑞!" 𝑧 𝑑𝑧!!!!𝛼𝑔2𝜌!𝑐! 𝑄!"# + 𝑞!" −𝐻!  (2.3) 
 
(Kraus and Turner 1967; Niiler and Kraus 1977; Qiu and Kelly 1993). Here, the 
diagnostic MLD, 𝐻!, is called the Monin–Obukhov Depth (MOD). Equations (2.1) 
and (2.3) are useful when examining the relative importance of wind speed, shortwave 
radiation, and NHF in determining the entrainment velocity and the MLD, respectively. 
Since these diagnostic equations assume a horizontally uniform field, they may not be 
appropriate in frontal regions. However, the weak meridional velocity in the frontal 
region (less than about 5 cm s−1 as will be shown in Chapter 3) implies that transport of 
denser/lighter water across the front is small, and that the diagnostic equations can 
provide reasonable results around the ARC region. 
 
2.3 Frontogenesis/Frontolysis of the Agulhas Return Current Front 
2.3.1 Frontogenesis/Frontolysis due to the NHF and MLD gradient 
In this study, the intensity and position of the SST front are defined by the 
maximum of the meridional SST gradient within 55°–35°S at each longitude and its 
latitude, respectively. Figures 2.2 shows their mean and standard deviation throughout 
the analysis period. The front with strong intensity of 4–5 °C 100km−1 is found in 20°–
70°E and its meridional location is relatively stable; it lies around 42°S west of 55°E, 
but shifts southward and is found around 45°S from 60°E to 70°E. The frontal position 
may be influenced by the bottom topography (Fig. 2.3) (e.g. Chelton et al. 1990; 
Isoguchi et al. 2006; De Boer et al. 2013), although its detailed mechanism needs to be 
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investigated in a future study. 
To investigate the seasonal variation of the ARC Front, we calculate the 
intensity averaged over 40°–50°E, where the meridional variation in the front is 
relatively small and its effects can be minimized in the subsequent analyses (Fig. 2.2a). 
The ARC Front undergoes a seasonal variation with the maximum of 5.3 °C 100km−1 in 
June and the minimum of 4.3 °C 100km−1 in December (Fig. 2.4). Thus, a remarkable 
SST front exists throughout the year in the ARC region, as has been pointed out by 
Nakamura and Shimpo (2004). 
To understand the mechanism of the seasonal variation, we take the 
meridional derivative of the mixed layer temperature (MLT) balance equation (e.g. Qiu 
and Kelly 1993; Moisan and Niiler 1998) to obtain an equation for the rate of 
frontogenesis: 
 𝜕𝜕𝑡 𝜕𝑇!"#𝜕𝑦 = 𝜕𝜕𝑦 𝑄!"# − 𝑞!"(−𝐻)𝜌!𝑐!𝐻 + 𝜕𝜕𝑦 𝑜𝑐𝑒𝑎𝑛𝑖𝑐 𝑡𝑒𝑟𝑚  (2.4) 
 
(Tozuka and Cronin 2014). Here, (𝑜𝑐𝑒𝑎𝑛𝑖𝑐 𝑡𝑒𝑟𝑚) includes the horizontal advection, 
entrainment, horizontal/vertical diffusion, and residual. To obtain the meridional 
gradient, we first calculate the monthly climatologies by taking an average in artificial 
boxes of 10° longitude × 4° latitude on both sides of the SST front in 40°–50°E, and 
then take their difference. We note that qualitatively the same results are obtained even 
when we have used 35°–50°E and 40°–45°E for the longitudinal extent and 3° and 5° 
for the latitudinal extent. As shown in Fig. 2.5, the rate of frontogenesis [the left-hand 
side (LHS) term of Eq. (2.4)] well explains the seasonal variation of the SST front 
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shown in Fig. 2.4. For all months, the ARC Front is weakened by the 1st term on the 
RHS of Eq. (2.4), denoted as the NHF/MLD gradient term in this study, while it is 
reinforced by the gradient of the oceanic term [the 2nd term on the RHS of Eq. (2.4)], 
which is calculated as the difference between the rate of frontogenesis and the 
NHF/MLD gradient term, because the number of the velocity observations in the ocean 
interior is insufficient. Moreover, the frontolysis (frontogenesis) by the former (latter) is 
stronger in austral summer and weaker in austral winter. 
To quantitatively examine the role of the NHF and MLD gradient in the 
frontogenesis/frontolysis, the NHF/MLD gradient term is further decomposed as 
follows: 
 𝜕𝜕𝑦 𝑄!"# − 𝑞!"(−𝐻)𝜌!𝑐!𝐻 = 1𝜌!𝑐!𝐻 𝜕𝜕𝑦 𝑄!"# − 𝑞!" −𝐻 − 𝑄!"# − 𝑞!" −𝐻𝜌!𝑐!𝐻! 𝜕𝐻𝜕𝑦 . (2.5) 
 
Here, the 1st (2nd) term on the RHS represents the contribution from the NHF (MLD) 
gradient. The NHF gradient term [the 1st term on the RHS of Eq. (2.5)] displays the 
dominant contribution to the NHF/MLD gradient term in all months (Fig. 2.6). This 
indicates that the weaker (stronger) surface warming (cooling) on the northern side 
during austral summer (winter) tends to relax the ARC Front, as shown in Figs. 2.1a, b, 
2.7a. In contrast, the sign of the MLD gradient term [the 2nd term on the RHS of Eq. 
(2.5)] changes with seasons (Fig. 2.6). In austral summer, the MLD gradient term 
induces frontolysis, because the thicker mixed layer in the northern region is less 
sensitive to surface warming compared to the southern region (Figs. 2.1c, 2.7b). In 
particular, it is comparable to the NHF gradient term in November and December. In 
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contrast, it contributes to slight frontogenesis in austral winter, because the deeper 
mixed layer on the northern side of the front is less sensitive to surface cooling 
compared to the southern side (Figs. 2.1d, 2.7b). Thus, the MLD gradient enhances the 
frontolysis by the NHF gradient in austral summer, while it slightly suppresses the 
frontolysis in austral winter, as previously pointed out by Tozuka and Cronin (2014). 
 
2.3.2 Causes of the MLD and NHF gradient 
(a) Causes of the MLD gradient 
Prior to investigating the causes of the MLD gradient in austral summer using 
the MOD [Eq. (2.3)], the MOD and observed MLD are compared in the northern and 
southern regions. Since the MOD can only be estimated when the mixed layer is in the 
shoaling phase due to its formulation, the MOD is calculated only in November and 
December when both regions are in the shoaling phase (northern and/or southern 
regions are not in the shoaling phase in January and February). As shown in Fig. 2.8, 
the MOD is in good agreement with the observed MLD. Also, the MOD (observed 
MLD) in the northern region is deeper by 64m (52m) in November and 39m (14m) in 
December compared to the southern region, and thus the MOD gradient corresponds 
well with the observed MLD gradient. This suggests that the MOD can be used to 
investigate the causes of the MLD gradient in the frontal region. 
The meridional derivative of the MOD can be expressed as 
 𝜕𝐻!𝜕𝑦 ≡ 𝜕𝜕𝑦 𝑢 + 𝑞𝑄 = 1𝑄 𝜕𝑢𝜕𝑦 + 1𝑄 𝜕𝑞𝜕𝑦 − 𝑢 + 𝑞𝑄! 𝜕𝑄!"#𝜕𝑦 − 𝑢 + 𝑞𝑄! 𝜕𝑞!" −𝐻!𝜕𝑦 , (2.6) 
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where 𝑢, 𝑞, and 𝑄 represents the term associated with the wind stirring, shortwave 
radiation, and NHF in Eq. (2.3), respectively. Here, each term on the RHS denotes the 
contribution from the meridional gradient of wind speed, incidence of shortwave 
radiation, NHF, and downward shortwave radiation at the base of the MOD, 
respectively. Among these four terms, the contribution from the NHF gradient has the 
dominant influence on the formation of the MOD gradient for both months (Fig. 2.9). 
This indicates that the weaker (stronger) surface warming in the northern (southern) 
region leads to the deeper (shallower) mixed layer, and thus results in the MLD gradient 
in austral summer. 
The observed MLD gradient tends to increase from February and reaches its 
maximum in October (Fig. 2.7b). This implies that the entrainment velocity is larger on 
the northern side during austral winter. The diagnostic entrainment velocity and its 
gradient of Eq. (2.1) in both northern and southern regions are calculated only when 
both regions are in the deepening phase (i.e. March–August). Figure 2.10a shows that 
the diagnostic entrainment velocity is consistently larger on the northern side, in 
agreement with the increasing tendency of the observed MLD gradient (Fig. 2.7b). 
To examine the causes of the meridional gradient in the entrainment velocity, 
we decompose the meridional derivative of Eq. (2.1) as follows: 
 𝜕𝑤!𝜕𝑦 ≡ 𝜕𝜕𝑦 𝑢 + 𝑞 + 𝐻𝑄𝐻∆𝑇  = 1𝐻∆𝑇 𝜕𝑢𝜕𝑦 + 1𝐻∆𝑇 𝜕𝑞𝜕𝑦 + 1∆𝑇 𝜕𝑄!"#𝜕𝑦 + 1∆𝑇 𝜕𝑞!" −𝐻𝜕𝑦  − 𝑢 + 𝑞𝐻!∆𝑇 𝜕𝐻𝜕𝑦 − 𝑢 + 𝑞 + 𝐻𝑄𝐻∆𝑇! 𝜕∆𝑇𝜕𝑦 . 
(2.7) 
 
Here, each term on the RHS represents the contribution from the meridional gradient of 
 23 
the wind speed, incidence of shortwave radiation, NHF, downward shortwave radiation 
at the base of the mixed layer, MLD, and temperature difference, respectively. Figure 
2.10b shows that the entrainment velocity gradient is mainly due to the NHF gradient. 
Thus, the stronger cooling leads to the deeper mixed layer in the northern region. In 
May and June, the temperature difference gradient also makes a substantial contribution 
to the entrainment velocity gradient. This is attributed to the fact that the smaller 
(larger) energy is required for entrainment, when the temperature difference is smaller 
(larger). The wintertime temperature difference is likely to be linked to the Mode Water 
formation process (e.g. Hanawa and Talley 2001; Tsubouchi et al. 2010; Oka and Qiu 
2012); the vertically uniform layer is formed owing to the wintertime deep mixed layer. 
In contrast, the MLD gradient acts to relax the diagnostic entrainment velocity gradient, 
because the thicker mixed layer in the northern region becomes less sensitive to the 
energy input from the atmosphere. The meridional gradients of the wind speed and 
shortwave radiation make minor contributions. 
Therefore, the MLD gradient that plays an important role in the frontolysis 
process is predominantly generated by the NHF gradient in both austral summer and 
winter. In austral summer, the weaker (stronger) surface warming north (south) of the 
front leads to deeper (shallower) MLD, while in austral winter, the stronger (weaker) 
surface cooling on the northern (southern) side induces the larger (smaller) entrainment 
velocity causing the deeper (shallower) MLD. How the meridional gradient in 
entrainment velocity contributes to the frontogenesis/frontolysis will be discussed in 
Chapter 3. 
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(b) Causes of the NHF gradient 
The NHF gradient can be decomposed as 
 𝜕𝑄!"#𝜕𝑦 = 𝜕𝑄!!𝜕𝑦 + 𝜕𝑄!!𝜕𝑦 + 𝜕𝑄!"𝜕𝑦 + 𝜕𝑄!"𝜕𝑦 , (2.8) 
 
where 𝑄!!, 𝑄!!, and 𝑄!" denote latent heat flux, sensible heat flux, and longwave 
radiation, respectively. As is clear from Fig. 2.11, the gradient of latent heat flux is 
dominant among the four in all months.  
For this reason, the latent heat flux gradient is further decomposed as follows: 
 𝜕𝑄!!𝜕𝑦 ≡ 𝜕𝜕𝑦 𝐶𝑢!" 𝑞! − 𝑞!  = 𝐶 𝑞! − 𝑞! 𝜕𝑢!"𝜕𝑦 + 𝐶𝑢!" 𝜕𝑞!𝜕𝑦 − 𝐶𝑢!" 𝜕𝑞!𝜕𝑦 + 𝑟𝑒𝑠 . (2.9) 
 
Here, 𝐶 = 𝜌!𝐶!𝐿, where 𝐶! is a transfer coefficient for latent heat and 𝐿 is the latent 
heat of evaporation, 𝑞!  is 98% of surface saturated specific humidity depending 
primarily on SST, 𝑞! is air specific humidity, and (𝑟𝑒𝑠) is a residual term, which 
includes the contribution from the gradient of 𝐶 and sub-monthly terms. Figure 2.12 
indicates that the wind speed gradient and the residual term have minor effects on the 
formation of the meridional gradient of latent heat flux for all months, while the 
meridional gradient of surface saturated specific humidity is about twice as steep as that 
of air specific humidity. 
To gain insight into the difference of these specific humidity gradients, daily 
latitude-time sections in July 2003 is displayed as an example in Fig. 2.13. Due to the 
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high storm track activity in the ARC region (e.g. Nakamura and Shimpo 2004; 
Nakamura 2012), it is found that strong southwesterly winds occasionally blow with the 
passage of atmospheric disturbances. Since it appears that the meridional winds advect 
air with lower (higher) air specific humidity from the southern (northern) to northern 
(southern) side, we estimate the meridional air specific humidity flux 𝑣′𝑞!′, where 𝑣 
denotes surface meridional wind, the prime terms represent the difference between the 
daily and monthly values, and the overbar means monthly mean (Fig. 2.14). Since the 
negative air humidity flux is distributed over the SST front, it is suggested that the 
meridional advection of air specific humidity induces smaller air specific humidity in 
the frontal region. On the other hand, the surface saturated specific humidity does not 
change much due to the large oceanic heat capacity. Consequently, larger (smaller) 
difference between the surface saturated and air specific humidity is formed on the 
northern (southern) side, and thus larger (smaller) amount of the latent heat is released.  
 In contrast to the latent heat flux gradient, the shortwave radiation gradient 
has small positive values in all months, and does not contribute much to NHF gradient. 
This shortwave radiation gradient suggests that the latitudinal dependence is dominant, 
but recent ship observations reported that low-level clouds on the warmer side of SST 
fronts reduce downward shortwave radiation reaching the sea surface (Kawai et al. 
2015). Since observations and simulations have uncertainty in shortwave radiation 
around SST fronts, an accurate estimation of shortwave radiation gradient awaits further 
studies. 
 
2.3.3 Seasonality of the NHF and MLD gradient term 
In this subsection, we discuss why stronger (weaker) frontolysis by the NHF 
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gradient term and frontolysis (weak frontogenesis) by the MLD gradient term occurs in 
austral summer (winter), as shown in Fig. 2.6. The NHF gradient undergoes a relatively 
small seasonal variation (Fig. 2.11), while the MLD in the northern and southern 
regions shows large seasonal variations with shallow (deep) MLD in austral summer 
(winter) (Figs. 2.1c, d, 2.7b). Thus, the seasonality of the frontolysis by the NHF 
gradient term in Eq. (2.5) mainly stems from the seasonal variation of the MLD. 
To investigate the causes of the seasonality in the MLD gradient term in Eq. 
(2.5), this term is rearranged as follows: 
 
−𝑄!"# − 𝑞!" −𝐻𝜌!𝑐!𝐻! 𝜕𝐻𝜕𝑦 = 𝑄!"# − 𝑞!" −𝐻𝜌!𝑐!𝐻 × − 1𝐻 𝜕𝐻𝜕𝑦 . (2.10) 
 
Here, the 1st part of the RHS represents the effect of heat flux on the MLT tendency, 
while the 2nd part indicates the MLD gradient standardized by the MLD averaged 
across the SST front in the northern and southern regions. The relatively thin mixed 
layer in November and December compared to austral winter amplifies the effect of 
heat flux due to smaller heat capacity (i.e. the 1st part becomes larger) (Figs. 2.1c, d, 
2.7b, c). Also, the effect of the MLD gradient becomes larger owing to relatively thin 
mixed layer (i.e. the 2nd part becomes larger) (Fig. 2.7c). As a result, relatively strong 
frontolysis by the MLD gradient takes place (Fig. 2.6). From January to March, in spite 
of the very thin mixed layer (Fig. 2.7b), only very weak frontolysis by the MLD 
gradient term occurs due to the very small MLD gradient. This is because the change in 
the MLD becomes smaller as the surface warming becomes stronger [as is clear from 
the fact that 𝑄 is found in the denominators of all terms on the RHS of Eq. (2.6)]. In 
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addition, the earlier onset of the deepening phase in the southern region (Fig. 2.7b) may 
also contribute to the decrease in the MLD gradient. From April to July, although the 
strong surface cooling occurs (Fig. 2.7a), the MLD gradient term induces only slight 
frontogenesis (Fig. 2.6). This is because the relatively thick mixed layer results in the 
smaller effect of heat flux and the MLD gradient compared to the relatively thin mixed 
layer in November and December (i.e. the 1st and 2nd parts become smaller) (Figs. 2.1c, 
d, 2.7b, c). During August–October, the frontogenesis/frontolysis becomes very weak 
because of the deep MLD and the small NHF. Thus, the seasonality in 
frontogenesis/frontolysis due to the MLD gradient term primarily depends on that in the 
MLD. 
 
2.4 Conclusions 
A clear SST front, defined as the maxima of the meridional SST gradient 
within the latitudinal band of 55°–35°S, extends from 20°E to 70°E in the southwestern 
Indian Ocean and shows only small meridional variations within 40°–70°E. In this 
study, we have first investigated the seasonal variation of the ARC Front in 40°–50°E 
using observational datasets. It is shown that oceanic processes tend to reinforce the 
ARC Front, while the NHF acts as the frontolysis process throughout the year. Figure 
2.15 displays schematic diagrams summarizing the influence of the NHF on the 
frontogenesis/frontolysis through mixed layer processes in austral summer and winter. 
The ARC Front forms the stronger meridional gradient of surface saturated specific 
humidity, while the meridional advection of air specific humidity associated with the 
passage of atmospheric disturbances induces the weaker air specific humidity gradient. 
Consequently, due to larger (smaller) air-sea specific humidity difference on the 
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northern (southern) side of the front, latent heat release is larger (smaller) throughout 
the year. 
In austral summer (Fig. 2.15a), this results in smaller (larger) positive NHF on 
the northern (southern) side and thus relaxes the SST front. At the same time, weaker 
(stronger) surface warming leads to deeper (shallower) mixed layer. This enhances the 
frontolysis, because the thicker (thinner) mixed layer is less (more) sensitive to surface 
warming. Therefore, the latent heat flux gradient, which is generated by the SST front 
through the formation of the meridional gradient in surface saturated specific humidity, 
strongly relaxes the SST front due to its impact on both the NHF and the MLD. In 
addition, the above effects are amplified by the seasonally thin mixed layer. 
In austral winter (Fig. 2.15b), the larger (smaller) latent heat release results in 
the stronger (weaker) surface cooling on the northern (southern) side and contributes to 
the frontolysis. However, only weak frontolysis occurs in winter owing to the 
seasonally much deeper mixed layer. Furthermore, the stronger (weaker) surface 
cooling on the northern (southern) side induces larger (smaller) entrainment velocity. 
The resulting deeper (shallower) mixed layer tends to strengthen the front in contrast to 
summer, because the thicker (thinner) mixed layer on the northern (southern) side is less 
(more) sensitive to surface cooling. Thus, the frontolysis by the NHF in austral winter is 
less prominent compared to summer owing to the seasonally deep mixed layer and the 
meridional MLD gradient caused by the NHF gradient. 
This chapter clearly shows that the frontolysis by the NHF is not merely a 
process at the sea surface as previously thought, but involves mixed layer processes, and 
that the meridional variation in MLD across the ARC Front plays an important role. 
Although this effect had been pointed out by Tozuka and Cronin (2014), we have 
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quantitatively discussed the mechanisms of the meridional variation in the MLD for the 
first time, and provided details of the seasonal variation in the frontolysis. On the other 
hand, details of the oceanic processes and causes of their seasonal variation need to be 
investigated for more comprehensive understanding of the ARC Front. Due to the 
insufficient number of velocity observations in the ocean interior, it is difficult to 
accurately quantify oceanic processes using observational datasets. Consequently, using 
a high-resolution CGCM, frontogenesis by oceanic processes in the ARC region is 
investigated quantitatively in the next chapter. 
 
 30 
Figures 
 
Fig. 2.1 Climatology of the surface net heat flux (NHF; positive values indicating heat 
flux into the ocean) in a November and b June. Contours indicate sea surface 
temperature (SST) climatology. Thin (Thick) contour intervals are 1 (5) °C. c, d As in 
(a) and (b), but for mixed layer depth (MLD). With permission of Springer 
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Fig. 2.2 Annual mean of the a position and b intensity of the SST front. Error bars 
denote the standard deviation over the analysis period. In (a), color and white contours 
represent SST climatology. Thin (Thick) contour intervals are 1 (5) °C. With permission 
of Springer 
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Fig. 2.3 As in Fig. 2.2a, but color represents topography 
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Fig. 2.4 Monthly climatology of the intensity of the SST front averaged over 40°–50°E. 
With permission of Springer 
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Fig. 2.5 Monthly climatology of the rate of frontogenesis [the left-hand side (LHS) term 
of Eq. (2.4); black bar], the NHF/MLD gradient term [the 1st term on the right-hand 
side (RHS) of Eq. (2.4); red line], and the meridional gradient of the oceanic term [the 
2nd term on the RHS of Eq. (2.4); blue line]. With permission of Springer 
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Fig. 2.6 Monthly climatology of each term in Eq. (2.5): the NHF/MLD gradient term 
(the LHS; black bar), the NHF gradient term (the 1st term on the RHS; red line), and the 
MLD gradient term (the 2nd term on the RHS; blue line). With permission of Springer 
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Fig. 2.7 Monthly climatology of the a NHF and b MLD in the northern (red line) and 
southern (blue line) regions. In (a), the black bars indicate the NHF averaged within the 
northern and southern regions. In (b), the black bars represent the MLD gradient. c 
Monthly climatology of the effect of heat flux on the mixed layer temperature (MLT) 
tendency [the 1st part on the RHS of Eq. (2.10); red bar] and the MLD gradient 
standardized by the MLD averaged within the northern and southern regions [the 2nd 
part on the RHS of Eq. (2.10); blue bar]. With permission of Springer 
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Fig. 2.8 Monthly climatology of the observed MLD (gray) and the Monin-Obukhov 
Depth (MOD; black) in the northern region in a November and b December. c, d As in 
(a) and (b), but for the southern region. With permission of Springer 
 38 
 
Fig. 2.9 Monthly climatology of each term in Eq. (2.6): the MOD gradient (the LHS; 
black) and the contribution from the gradient of wind speed (the 1st term on the RHS; 
green), incidence of shortwave radiation (the 2nd term on the RHS; blue), NHF (the 3rd 
term on the RHS; red), and downward shortwave radiation at the base of the MOD (the 
4th term on the RHS; orange) in a November and b December. With permission of 
Springer 
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Fig. 2.10 Monthly climatology of a the diagnostic entrainment velocity in the northern 
(red) and southern (blue) regions, and b each term of Eq. (2.7) from March to August: 
the diagnostic entrainment velocity gradient (the LHS term; black bar) and the 
contribution from the gradient of wind speed (the 1st term on the RHS; green line), 
incidence of shortwave radiation (the 2nd term on the RHS; blue line), NHF (the 3rd 
term on the RHS; red line), downward shortwave radiation at the base of the mixed 
layer (the 4th term on the RHS; orange line), MLD (the 5th term on the RHS; gray line), 
and temperature difference (the 6st term on the RHS; cyan line). With permission of 
Springer 
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Fig. 2.11 Monthly climatology of each term in Eq. (2.8): the gradient of NHF (the LHS; 
black bar), latent heat flux (the 1st term on the RHS; red line), sensible heat flux (the 
2nd term on the RHS; blue line), longwave radiation (the 3rd term on the RHS; orange 
line), and shortwave radiation (the 4th term on the RHS; cyan line). With permission of 
Springer 
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Fig. 2.12 Monthly climatology of each term in Eq. (2.9): the latent heat flux gradient 
(the LHS; black bar), the contribution from the gradient of wind speed (the 1st term on 
the RHS; green line), surface saturated specific humidity (the 2nd term on the RHS; 
blue line), and air specific humidity (the 3rd term on the RHS; red line), and the residual 
term (the 4th term on the RHS; gray line). With permission of Springer 
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Fig. 2.13 Daily latitude-time sections of a the difference of the surface saturated and air 
specific humidity, and b the latent heat flux for 45.5°E in July 2003. Vectors represent 
surface wind greater than 5 m s−1 and black (gray) contours indicate surface saturated 
(air) specific humidity. The vector scale is shown in the upper-right corner, and black 
and gray contour intervals are 1 g kg−1  
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Fig. 2.14 Climatology of the meridional air specific humidity flux 𝑣′𝑞!′ (color and 
white contour) and SST (black contour). White contour intervals are 2×10−2 m s−1g kg−1. 
Thin (Thick) black contour intervals are 1 (5) °C
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Fig. 2.15 Schematic diagrams of frontogenesis/frontolysis by the NHF and MLD 
gradient in austral a summer and b winter. With permission of Springer 
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Chapter 3 
 
Frontogenesis in the Agulhas Return 
Current region simulated by a 
high-resolution CGCM 
 
 
 
 
 
 
This chapter will be publicized within 5 years. 
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Chapter 4 
 
General conclusions 
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4.1 Summary 
 In this thesis, frontogenesis and frontolysis of the sea surface temperature 
(SST) front in the Agulhas Return Current (ARC) region were investigated using 
observational datasets and a high-resolution couple general circulation model (CGCM). 
This section summarizes the main results obtained in each chapter (Fig. 4.1).  
In Chapter 2, using observational datasets, the main features of the SST front 
in the ARC region were described, and the mechanisms of the frontogenesis/frontolysis 
were investigated quantitatively. In the ARC region, the strong SST front of 4–5 °C 
100km−1 is found in 20°–70°E. It is located within 45°–40°S and its location is 
relatively stable especially in 40°–70°E. Also, there is seasonality with slightly weaker 
(stronger) intensity in austral summer (winter). Due to rough balance between 
frontolysis by the surface net heat flux (NHF) and frontogenesis by oceanic processes, 
the intensity of the SST front is maintained throughout the year. Since the number of 
velocity observations in the ocean interior is insufficient, oceanic processes are 
estimated as residual. Therefore, only detailed mechanisms of frontolysis by the NHF 
were examined. 
The SST front induces large meridional difference with higher (lower) surface 
saturated humidity on the northern (southern) region, while meridional difference in air 
specific humidity is small due to meridional humidity advection with the passage of 
atmospheric disturbances. Therefore, the SST front causes larger (smaller) latent heat 
release on the northern (southern) side through the formation of larger (smaller) air-sea 
specific humidity difference. 
 In austral summer, shortwave radiation strongly heats the sea surface, but it is 
partially offset by the larger (smaller) latent heat release north (south) of the front. Thus, 
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the surface warming is weaker (stronger) north (south) of the front, and the NHF relaxes 
the SST front. At the same time, the weaker warming on the northern side leads to 
deeper mixed layer compared to the southern side. Since the thicker (thinner) mixed 
layer in the northern (southern) region is less (more) sensitive to surface warming, the 
mixed layer depth (MLD) gradient strengthens the frontolysis. In addition, seasonally 
thin mixed layer amplifies the frontolysis. 
 On the other hand, stronger (weaker) surface cooling due to the larger 
(smaller) latent heat release north (south) of the front leads to frontolysis in austral 
winter. However, the frontolysis is weakened, because the stronger (weaker) cooling on 
the northern (southern) side induces larger (smaller) entrainment velocity, and the 
resulting thicker (thinner) mixed layer is less (more) sensitive to surface cooling. In 
addition, the seasonally thick mixed layer further weakens the frontolysis. Therefore, 
the NHF strongly (weakly) relaxes the SST front through mixed layer processes in 
austral summer (winter). 
 In Chapter 3, frontogenesis by oceanic processes in the ARC region, which 
was estimated as residual in Chapter 2, was investigated quantitatively using a 
high-resolution CGCM, the Community Earth System Model (CESM; Hurrell et al. 
2013; Small et al. 2014). The CESM realistically simulates the main characteristics of 
the SST front and MLD in the ARC region. Also, the simulated frontolysis by the NHF 
and frontogenesis by oceanic processes are in good agreement with the observation. 
Among the oceanic processes, the contribution from the horizontal advection is most 
dominant, while the entrainment has a minor contribution. 
 Frontogenesis by the horizontal advection is caused by cross-isotherm 
confluence with warmer (cooler) temperature advection toward the SST front on the 
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northern (southern) side, and this structure is seen from the sea surface to about 1000 m 
depth. The importance of the advection by weak meridional confluent flow rather than 
that by strong zonal along-isotherm flow in reinforcing the SST front in the ARC region 
is an intriguing result. Due to the stronger (smaller) cross-isotherm confluence, which 
may be related to the strength of the Agulhas Current, ARC, and ACC, the 
frontogenesis by the horizontal advection is stronger (weaker) in austral summer 
(winter).  
To gain dynamical insight into the confluent flow, vorticity balance in the 
frontal region was examined. Due to meridional asymmetry in the relative vorticity in 
the analysis region, the strong eastward time-mean along-isotherm current advects 
smaller cyclonic (larger anticyclonic) vorticity north (south) of the front. On the other 
hand, southward and northward velocity perturbations associated with meanderings are 
formed over anticyclonic and cyclonic relative vorticity perturbations, respectively. 
Both velocity perturbations advect cyclonic (anticyclonic) vorticity on the northern 
(southern) side. These meridional differences of the cyclonic (anticyclonic) eddy 
cross-isotherm and mean along-isotherm vorticity advection on the northern (southern) 
side are in balance with the anticyclonic (cyclonic) vorticity advection by the mean 
cross-isotherm confluence.  
 In contrast to the NHF and horizontal advection, the entrainment does not 
contribute much to frontogenesis/frontolysis. This is because three factors related to the 
frontogenesis/frontolysis by the entrainment cancel each other out. As described above, 
the stronger surface cooling in the northern region induces the larger entrainment 
velocity, and thus the deeper mixed layer is formed compared to the southern region. 
Due to the larger (smaller) entrainment velocity on the northern (southern) side, the 
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mixed layer entrains larger (smaller) amount of cold water from the lower layer. Thus, 
the entrainment velocity gradient contributes to frontolysis. In contrast, the MLD 
gradient acts as frontogenesis, because the thicker (thinner) mixed layer in the northern 
(southern) region is less (more) sensitive to cooling by the entrainment. Also, the 
meridional gradient in the temperature difference between the mixed layer and entrained 
water results in frontogenesis. This is because the mixed layer entrains less (more) cold 
water from the lower layer owing to the smaller (larger) temperature difference north 
(south) of the front. The weak stratification in the northern region may be associated 
with the Mode Water formation processes (e.g. Hanawa and Talley 2001; Tsubouchi et 
al. 2010; Oka and Qiu 2012) that vertically uniform structure is formed due to the 
wintertime deep mixed layer.  
In summary, the SST front in the ARC region is maintained throughout the 
year due to the approximate balance between the frontogenesis by the horizontal 
advection associated with the cross-isotherm confluence and the frontolysis by the NHF 
modified through mixed layer processes. This study is the first to quantitatively 
investigate the mechanisms of frontogenesis/frontolysis in mid-latitude SST fronts. In 
this thesis, we have revealed important roles of the MLD for the frontolysis by the NHF 
and the cross-isotherm confluence for the frontogenesis by the horizontal advection.  
 
4.2 Concluding remarks 
Vorticity balance in the ARC region discussed in Chapter 3 suggests the 
importance of the eddy-mean interaction for the cross-isotherm confluence, but the 
causes of the cross-isotherm confluence are not yet completely revealed. This is partly 
because the SST front was already established in the CGCM. In this regard, idealized 
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models as in previous studies (e.g. Samelson 1993; Thompson 2000; Waterman and 
Jayne 2011) may be useful, but they cannot to incorporate realistic factors such as the 
atmospheric forcing and ocean interior structure. For this reason, it may be a good idea 
to try an “idealized” coupled model experiment, in which a coupled model with a 
rectangular domain and flat bottom is integrated from an initial condition with a 
horizontal uniform temperature/salinity field forced by meridionally varying shortwave 
radiation at the top of the atmosphere. It is expected that western boundary currents and 
SST fronts are generated in the mid-latitudes associated with the wind-driven 
circulation. Analyzing this spin-up stage in detail by examining 
frontogenesis/frontolysis, vorticity balance, and energetics may provide useful insight. 
Furthermore, conducting sensitivity experiments with the same coupled model can 
further disentangle importance of various processes related to frontogenesis/frontolysis. 
For instance, sensitivity to MLD can be examined by changing the vertical mixing 
coefficient, and sensitivity to strength of western boundary currents may be checked by 
modifying atmospheric circulation through changes in meridional gradient of shortwave 
radiation. Also, since an influence of bottom topography on the SST front in the ARC 
region is hinted, the coupled model can be used to investigate a role of topography in 
frontogenesis/frontolysis of SST fronts. The above is a topic for future research. 
As described in Chapter 1, recent studies (Morioka et al. 2015; Ohishi et al. 
2015) pointed out interannual variations of the SST front in the ARC region may 
modulate the Mascarene High, which plays a key role in development of an interannual 
climate mode called the Indian Ocean Subtropical Dipole (IOSD; e.g. Behera and 
Yamagata 2001), through their influence on storm track activity. However, there was a 
lack of fundamental understanding regarding frontogenesis/frontolysis processes in the 
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ARC region. The present study, thus, contributes to better understanding of interannual 
variations in the South Indian Ocean. Also, this study infers possible existence of a 
positive feedback process of the IOSD that has never been discussed. During a positive 
IOSD event, changes in the Mascarene High results in advection of more moist air from 
the tropics to the southwestern pole of the IOSD (Chiodi and Harrison 2007; Morioka et 
al. 2012), which is located to the north of the SST front in the ARC region. As a result, 
mixed layer becomes anomalously shallow owing to reduced latent heat release and 
positive SST anomalies are generated owing to more efficient warming of the mixed 
layer by climatological shortwave radiation (Morioka et al. 2010; Morioka et al. 2012). 
Consequently, this may amplify the positive IOSD event by affecting the Mascarene 
High, because a stronger SST front may enhance the feedback from the storm track 
activity to the subtropical high as suggested by Miyasaka and Nakamura (2010). 
Coupled model experiments initiating from an anomalously strong/weak oceanic front 
in the ARC region may help us to further clarify the interaction among the SST front, 
storm track activity, Mascarene High, and SST anomalies associated with the IOSD.  
The analysis methods of this study can be applied to other SST fronts in 
mid-latitudes such as those in the Kuroshio Extension, Gulf Stream (e.g. Kelly et al. 
2010; Kwon et al. 2010), and Brazil–Malvinas Confluence region (e.g. Saraceno et al. 
2004; Tokinaga et al. 2005). Each of the above SST fronts has its unique character in 
horizontal distribution, seasonality, overlying atmosphere, and ocean interior field. For 
instance, a single sharp SST front is found in the Gulf Stream region as in the ARC 
region, while a number of fronts, such as subtropical and subpolar fronts, are distributed 
in the Kuroshio Extension and Brazil–Malvinas Confluence regions. 
 As an extension of this study, Tozuka et al. (manuscript submitted to 
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Scientific Reports) examined the wintertime strengthening of the SST front in the 
Kuroshio Extension region. Remarkably, they found that the NHF term acts as 
frontogenesis. This results from the relatively small meridional gradient in the NHF 
associated with the winter monsoon effects (Konda et al. 2010) and the large MLD 
gradient in the frontal region. When the northerly winds from the continent are 
prominent, meridional difference of latent heat release is small, because the contribution 
from stronger (weaker) wind speed north (south) of the front compensates for that from 
smaller (larger) air-sea specific humidity difference. On the other hand, larger (smaller) 
air-sea temperature difference and stronger (weaker) wind speed induces larger 
(smaller) sensible heat release on the northern (southern) side. As a result, turbulent heat 
release is larger (smaller) in the northern (southern) region during northerly wind events. 
In contrast, the turbulent heat release is smaller (larger) north (south) of the front during 
other time. This is because the meridional gradient in sensible heat release is relatively 
small, while latent heat release is smaller (larger) on the northern (southern) side due to 
larger (smaller) air-sea specific humidity difference. Consequently, the meridional 
difference of turbulent heat release is small for wintertime mean, and the small NHF 
gradient does not contribution much to frontogenesis/frontolysis in the Kuroshio 
Extension region. On the other hand, the large MLD gradient with a shallower (deeper) 
mixed layer on the northern (southern) side exists owing to shallower (deeper) 
thermocline. Since the thinner (thicker) mixed layer north (south) of the front is more 
(less) sensitive to surface cooling, the MLD gradient favors frontogenesis. 
Although the focus of this study is on the seasonal timescale, SST fronts in 
mid-latitudes are known to undergo interannual-to-decadal variations. In the Kuroshio 
Extension region, for example, decadal variations in the SST front are detected (e.g. Qiu 
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and Chen 2005) and have substantial influences on the atmosphere (Masunaga et al. 
2016). Also, decadal variations in the MLD south of the front are generated due to 
combined effects of westward Rossby wave forced by wind stress curl in the central 
North Pacific and mesoscale eddy activity associated with changes in the flow path state 
(Qiu and Chen 2006; Sugimoto and Kako 2016). It will be interesting to quantitatively 
investigate the causes of decadal variations in frontogenesis/frontolysis in the Kuroshio 
Extension region by applying the present method with a special focus on meridional 
gradient in the MLD. 
Also, we note that SST fronts are not limited to the mid-latitudes. In the 
eastern tropical Pacific and Atlantic regions, sharp SST fronts accompanying tropical 
instability waves (TIWs) are observed north of the cold tongues (e.g. Düing et al. 1975; 
Legeckis 1977; Jochum et al. 2004; Willett et al. 2006). These cold tongues and TIWs 
persist from July to November when the strong easterly trade winds induce equatorial 
upwelling. Particularly in the tropical Pacific, they undergo interannual variations; they 
are weaker (stronger) during El Niño (La Niña) (Contreras 2002; Yu and Liu 2003). 
Since buoy observations by Tropical Atmosphere Ocean (TAO)/TRIangle Trans-Ocean 
buoy Network (TRITON) array in the tropical Pacific (McPhaden 1995; Ando and 
Kuroda 2002) and Prediction and Research Moored Array in the Atlantic (PIRATA) 
array in the tropical Atlantic (Bourlès et al. 2008) are maintained for decades, we may 
quantitatively investigate frontogenesis/frontolysis in the tropical oceans on 
seasonal-to-interannual time scales using observational data. Since the SST fronts 
accompanying the TIWs also have substantial influences on the atmosphere (e.g. Xie et 
al. 1998; Hashizume et al. 2001), the method proposed by the present study may shed 
new light on the tropical air-sea interaction. 
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This study benefitted from the recent progress in observational network by the 
Argo floats, which enabled us to capture frontal-scale structure in the ocean interior and 
allowed us to conduct the mixed layer temperature (MLT) balance analysis. Without 
sufficient data in the ocean interior provided by the Argo floats, the sharp MLD gradient 
in the ARC region may have been smeared out by a large radius of influence needed to 
prepare a gridded dataset, and the frontolysis by the NHF could not be estimated 
accurately. Therefore, it is strongly recommended to maintain and even enhance the 
global coverage by the Argo floats. 
The results presented in Chapter 3 are from a single CGCM. It will be 
interesting to analyze outputs from the High Resolution Model Intercomparison Project 
(HighResMIP; Haarsma et al. 2016), one of the Coupled Model Intercomparison Project 
Phase 6 (CMIP6; Eyring et al. 2016) Endorsed Model Intercomparison Projects. This 
study has suggested that it is crucial to simulate horizontal distribution of the MLD to 
realistically simulate SST fronts in mid-latitudes. Excessively deep mixed layer, for 
example, may cause SST fronts to become erroneously strong, because such a bias 
weakens frontolysis owing to less sensitivity to the NHF. Since it is demonstrated that 
SST fronts impact on storm track activity in mid-latitudes (e.g. Nakamura et al. 2008; 
Ogawa et al. 2012), the above bias impairs not only local atmospheric fields, but also 
global scale atmospheric fields. Thus, further improvements in mixed layer 
parameterizations in the ocean component (Furuichi et al. 2012; Watanabe and Hibiya 
2013) are of crucial importance for more realistic simulations by CGCMs. 
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Figure 
 
Fig. 4.1 Schematic diagrams of frontogenesis/frontolysis by the NHF, horizontal 
advection, entrainment in austral a summer and b winter 
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